ABSTRACT The juxtaposition and functional relationship of the sperm storage organs in Anastrepha ludens (Loew) is described. The spermatheca squash technique has been used to determine mated status in tephritid fruit ßies, and thus as a measure of compatibility and coverage for sterile insect technique programs. Female A. ludens have four seminal storage organs: three spermathecae and a ventral receptacle. By interrupting coitus at set intervals, it is shown that the ventral receptacle Þlls Þrst and after 15Ð30 min the spermathecae begin to Þll. Among wild captured ßies, all mature (gravid) females had semen in the ventral receptacle, but only 40 Ð 60% had sperm in at least one spermatheca. Therefore, examination of the ventral receptacle rather than the spermathecae alone is the more reliable method for determining mated status.
The process of insemination in tephritid fruit ßies has both behavioral and morphological components, which have coevolved as a means to maximize fecundity. Courtship behavior of Anastrepha fruit ßies has been described by Burk (1983) , Morgante et al. (1983) , Robacker et al. (1991) , Mankin et al. (1996) , and Perez-Staples and Aluja (2004, 2006) . In this genus, the males "call" females with visual, audible, and chemical signals, and thus females determine the timing and frequency of copulation with both genders capable of multiple copulations (Sivinski et al. 2000) . With regard to the morphology, there are variations in the size, number, and juxtaposition of the organs that receive and store the semen. The female reproductive structures have been described for Anastrepha ludens (Loew) by Servin-Villegas and Jimenez-Jimenez (1995) and Martinez and Hernandez-Ortiz (1997) .
Given that insemination is functionally the target of sterile insect technique (SIT), the frequency and timing of sexual activity are critical issues. Program protocols include examination of these organs to monitor the effectiveness of the mass-reared insects against the target population. The production insects are marked with dyes so that they can be distinguished from feral ßies. Captured nonmarked insects are routinely dissected to conÞrm their status as wild nonsteriles, but also to assess fertile: sterile ratios. Nonmated status in wild females can indicate an insufÞcient overßooding ratio, or even a degree of noncompatability. Moreover, the mated status of a wild female can, and has in some cases, resulted in the imposition of quarantine restrictions. Standard procedure is to macerate the spermathecae with microscopic examination for the presence of spermatozoa. Recent studies suggest that the allocation of sperm among the storage organs may vary among fruit ßy species. Twig and Yuval (2005) reported that Ϸ85% of the ejaculate went to the spermathecae and the remainder to the ventral receptacle of the medßy, Ceratitis capitata (Wiedemann). PerezStaples and Aluja (2006) found that the distribution was about the same or slightly more to the ventral receptacle than to the spermathecae of Anastrepha obliqua (Macquart). Of special concern is the report by Fritz (2004) , wherein 26% of mated Anastrepha suspensa (Loew) females had one or more spermathecae empty and Ϸ5% of mated females had all spermathecae negative, although the ventral receptacle was positive.
The aforementioned studies examined sperm allocation in females immediately after mating in the laboratory. Our concern is that over time the proportion of negative spermathecae in mated females would increase as sperm is depleted. An analogous situation was reported by Kendra et al. (2006) , wherein older postovipositional ßies were mistakenly scored as immature ßies when they lacked mature oocytes in the ovaries. Therefore, we conducted the current study to assess the reliability of the standard spermathecal squash method for determining the mated status in female A. ludens. We report here the results of our laboratory mating tests, but also on results from determination of mated status in wild females captured in surveillance trapping. Photomicrographs are provided to illustrate the female reproductive organs of A. ludens in functional juxtaposition to one another and to that of the male during copulation.
Materials and Methods
Test Insects. The ßies for these tests were from a breeding colony maintained by U.S. Department of AgricultureÐAnimal and Plant Health Inspection Service (USDAÐAPHIS) at its Moore Air Base Facility near Edinburg, TX. The colony is an isofemale line originating with an outbreak of wild ßies captured in Willacy County, TX, in April, 2008. The colony is maintained in a room with constant 25 Ϯ 1ЊC and 55 Ϯ 5% relative humidity with a combination of ßuores-cent and window lighting. The larvae are reared on a meridic diet (Spishakoff and Hernandez-Davila 1968) with adults fed a diet designed to maximize adult longevity (Martinez et al. 1987) .
Mating Studies. For these tests, puparia of the same approximate age were held in emergence grids. Newly emerged ßies were separated by gender into male-or female-only cages. Under laboratory conditions, females become sexually mature beginning at 9 d postemergence (Servin-Villegas and JimenezJimenez 1995). Therefore, testing began when the ßies were 2 wk old. In nature, Mexican fruit ßies mate at dusk (Robacker et al. 1991) . Therefore, on the day of the test, 30 naive males were introduced into one of two caged mating arenas containing 20 virgin females 1.5 h before sunset. An observer at each arena captured copulating pairs in a petri dish as they initiated coitus, recording the time from when copulation began for each pair. At predetermined increments of 5, 10, 15, 30, 45, and 60 min in coitu, or when coitus terminated, the dishes were placed immediately in a freezer (Ϫ6ЊC). This procedure was repeated on three test occasions with 19 Ð25 copulating pairs isolated on each occasion. In a fourth replicate, the test was initiated under the same conditions but instead of direct introduction to the freezer, pairs were immobilized with CO 2 and separated surgically before freezing. This alternate procedure was followed to address concerns that insemination may not have been completely and immediately terminated by introduction to the freezer alone.
The ßies were held frozen until examination. The reproductive organs were dissected from the female of each pair in sterile saline solution after separating the ovipositor sheath from the abdomen, then making an incision in the ovipositor sheath with a Þne pair of microscissors (Vannas, World Precision Instruments Inc., Sarasota, FL) and microforceps (Dumont, Fine Science Tools, Belmont, CA) under the aid of a dissecting microscope (Nikon SMZ645, Nikon Corp., Tokyo, Japan). The spermathecae were mounted on a microscope slide and crushed by applying Þrm pressure on the surface of a coverslip. The bursa copulatrix was mounted on a microscope slide and stained with a drop of aceto-orcein (Carolina Biological Supply Co., Burlington, NC) for routine examinations. However, for conÞrmatory tests we stained with hematoxylinÐ eosin or with 4Õ-6-diamidino-2-phenylindole.
The structures were examined under light microscopy (Nikon eclipse E400) and phase microscopy (Nikon eclipse 80i) and scored for the presence or absence of semen except for the 4Õ-6-diamidino-2-phenylindolestained material, which was examined with ßuores-cent microscopy. Each mount of all spermathecae and the ventral receptacle from each female was photographed with a camera attachment (Nikon DS-Fi1 Digital Sight) and archived as a permanent record. Terminology for the reproductive structures basically follows Martinez and Hernandez-Ortiz (1997) .
Field Studies. All wild females captured in fruit ßy surveillance grids (trapping protocols described by Conway and Forrester (2007) ) in Cameron County, TX, in 2012 and 2013, were dissected to determine reproductive stage. All gravid females (ovaries with fully developed eggs) were then scored for mated status by maceration and microscopic examination of all spermathecae along with the slide-mounted, stained ventral receptacle as in the previous experiments.
Statistical Analysis. Differences among means were analyzed by pairwise t-tests. Correlation values were calculated by least squared regression (Sokal and Rohlf 1973) . Probabilities were calculated using NCSS Statistical Software (Kaysville, UT).
Results and Discussion
Sperm Storing Organs in the Female. The female of A. ludens normally has four sperm storage organs: three spermathecae and a ventral receptacle. But not infrequently, we found females with only two spermathecae, and although the normal conÞguration is a doublet on one side and a singlet on the other, occasional females had a triplet (Fig. 1) . The standard method for determining mated status is to squash the spermathecae under a coverslip to reveal the presence Fig. 1 . The spermathecae are chitinized capsules embedded in a gelatinous matrix here stained red by acetoorcein. One is a singlet with its own duct, while two form a doublet that share a common duct. Normally the doublet and singlet are separated, but in this specimen, they are conjoined. Variation from the normal number (fewer, never more) is not uncommon among females.
or absence of spermatozoa (Fig. 2) . The diagram in Fig. 3 illustrates the juxtaposition of these organs relative to their function. The spermathecae are connected by ducts to the bursa copulatrix, the expanded basal portion of the vagina where ejaculation occurs. On the dorsal wall of the bursa copulatrix there is a cone-shaped evagination, referred to as a "tubercle" (Fritz and Turner 2002) , housing the entrance of the spermathecal ducts, the "insemination pocket" of Marchini et al. (2001) (Fig. 4) . Opposite to this tubercle on the ventral side of the bursa is the ventral receptacle where fertilization occurs. Figure 5 shows an egg descending the common oviduct approaching the ventral receptacle with its micropylar end preceding.
The entrance to the ventral receptacle (Fig. 6 ) is a cone-shaped invagination that has a cervix armed with microdentition. At rest, the cone accommodates the tubercle on the opposite side of the bursa, which bears the entrances to the spermathecal ducts. The function of the spermathecae is to recharge the ventral receptacle as it becomes depleted. Thus the apposition of the tubercle with the receptacle cone facilitates the recharging of spermatozoa from the spermathecae into the ventral receptacle. Inside the ventral receptacle is the organ that holds the semen for fertilizing the eggs, the seminal receptacle proper. The seminal receptacle consists of from 100 to 200 alveoli. We can visualize as many as 100 alveoli in the focal plane of our two-dimensional preparations, and because it is a symmetrical organ there may be as many as 200 in total. This compares to A. suspensa studied by Fritz (2004) , which has Ϸ40 alveoli. Fritz and Turner (2002) suggest that there may be a one-to-one relationship between the alveoli and fertilization: e.g., one alveolus holds enough spermatozoa to fertilize a single egg. If so, then with Ϸ200 alveoli the female A. ludens can fertilize that number of eggs before the seminal receptacle must be recharged. The female typically lays four to six eggs per fruit, and can infest several fruit per day over their life span beginning with reproductive maturity reached at the age of 9 d. When an egg moves down the common oviduct, its micropylar end Þts into the cervix of the ventral receptacle, bringing the micropyles into close proximity with the alveoli so that fertilization is accomplished just before oviposition. Figure 7 shows the seminal receptacle in a mated female, the sperm bundles visible with nuclear staining as a dark inclusion within each alveolus.
The Mexican fruit ßy, A. ludens, has one of the longest ovipositors (Fig. 8) among the species in the genus, and thus the male has evolved a correspondingly lengthy aedeagus so that the glans can reach the bursa copulatrix for insemination. The male aedeagus consists of a long thin basiphallus and a complex glans or distiphallus. Foote et al. (1993) describe the distiphallus as a vastly complex organ with internal sclerotized parts surrounded by a membrane. Because the conformation of the endophallic sclerites varies among species, it seems likely that their operation may vary among species as well. For A. ludens, the functional relationship between the male and female organs at intromission has been described by Briceñ o et al. (2010) . The aedeagus might be described as a long ßexible straw (basiphallus) with a leaky balloon (distiphallus) attached to the end. The end of the basiphallus enters the femaleÕs ovipore near the tip of the aculeus (Fig. 8) , dragging the ßaccid distiphallus along with it. Briceñ o et al. (2010) found that at insemination, the distiphallus was brought into juxtaposition with the openings to the ventral receptacle and spermathecae. With these antecedents, we examined preparations of the reproductive organs at set time intervals post intromission to conÞrm the insemination process.
Intromission in the medßy C. capitata has been described by Eberhard and Pereira (1995) and in A. ludens by Briceñ o et al. (2010) . Figure 9 shows the aedeagus in position during insemination. The apex of the basiphallus has achieved the deepest part of the bursa copulatrix, bringing the distiphallus into juxtaposition with the tubercle and the receptacle cone. The basal portion of the distiphallus with its "toothed sac" is inßated presumably to hold open the lumen of the bursa. The trailing apical portion of the distiphallus has the distended genital rod protruding into the receptacle cone directed toward the cervix. Together with the endophallic sclerites, the ßexion causes the Fig. 4 . The bursa copulatrix has the ventral receptacle on one side and the entrance to the spermathecal ducts on the other. The latter inserted at an evagination of the bursa wall, which forms a tubercle. This tubercle Þts into the cone-shaped invagination of the bursa that ends at a cervix, which is the entrance to the ventral receptacle. cleft at the base of the rod to open wide. A stream of semen is ßowing into the ventral receptacle from this opening, although spermatozoa are also visibly scattered throughout the lumen of the bursa. This is similar to the process described in the medßy (Marchini et al. 2001) , wherein the cleft is also oriented toward the ventral receptacle while the two apical gonopores are oriented toward the spermathecal ducts. In A. ludens, there is a structure in this analogous position called the "trumpet" by Briceñ o et al. (2010) , which presumably performs the same function. In our preparations, it is oriented toward the tubercle where the spermathecal ducts insert.
Laboratory Mating Studies.
In all cases of copulation (n ϭ 66), the alveoli of the seminal receptacle were found to have a darkly stained inclusion, indicating the presence of sperm bundles. The inclusion was absent from the alveoli of the unmated control females of the same age. However, in the case of the spermathecae, there was a clear correlation between the presence of spermatozoa and the duration of copulation. None of the females in copula for only 5 min (n ϭ 10) had sperm in the spermathecae, and only one of nine at 10 min. However, all of the females in copula for 1 h (n ϭ 17) had sperm in at least one of their spermathecae. At intermediate times, many of the females had sperm in the spermathecae with a tight correlation between time in copula and percentage of spermathecae with semen (r 2 ϭ 0.939; slope ϭ 1.43), and an even tighter correlation between time in copula and percent females scoring positive for semen in at least one of the spermathecae (r 2 ϭ 0.976; slope ϭ 1.94; n ϭ 66).
These results indicate that the ventral receptacle receives the initial ßow of semen and that the spermathecae store the overßow. The results from the fourth replicate wherein the mating pairs were surgically separated were essentially the same as the previous three wherein the pairs were frozen. In the Þrst three replicates, none of the 15 min copulations had sperm in the spermathecae, whereas in the fourth replicate only one of four females had sperm in the spermathecae. At the 30 min copulation, half of the females had sperm in the spermathecae in both sampling methods. Hence, the results suggest that it is in that time frame, 15Ð30 min postintromission, that Þll-ing of the ventral receptacle is accomplished and the overßow begins. The mean percentage of positive spermathecae between the 15 and 30 min replicates was signiÞcantly different (t ϭ 2.6; df ϭ 5; P ϭ 0.02).
In contrast, the mean percentage of positive spermathecae in the 10 and 15 min replicates was not signiÞcantly different (t ϭ 0.1; df ϭ 5; P ϭ 0.46), nor the 30 vs. 45 min replicates (t ϭ 1.68; df ϭ 6; P ϭ 0.07; Table 1 ). Field Studies. In 2012, 114 wild females were captured and dissected. Of these, 49 were gravid (ovaries with mature eggs) and 65 were not. In all 49 gravid females, the ventral receptacle tested positive for the presence of sperm. The high percentage of mating is not surprising given the overßooding of sterile males released in the target area and that the dissected females were reproductively mature. Dodson (1982) similarly reported 100% of A. suspensa females mated within 72 h of reaching reproductive maturity. Of the 49 gravid females, 30 were positive for sperm in the spermathecae and 19 were negative. Of the 30 scored as positive, 14 were positive for all spermathecae, 9 were positive in two spermathecae, and 7 were positive in one spermatheca. In 2013, ßy numbers dropped considerably with only 17 wild females, of which 10 were gravid. As in the previous year, all of the gravid females tested positive for sperm in the seminal receptacle. Of the 10 gravid females, 6 were negative and 4 were positive for sperm in the spermathecae. Of the latter 4, 1 female was positive for all spermathecae, 2 were positive for two spermathecae, and 1 was positive for one spermatheca. We conclude from these data that the inspection of the spermathecae is an unreliable method for determining mated status. Either many females were not allocating sperm to the spermathecae or they had depleted their spermathecae. Our laboratory experiments indicate that females allocate semen one storage organ at a time during copulation.
The large number of wild-captured females with sperm in the ventral receptacle but not in the spermathecae makes sense in that the ventral receptacle is where fertilization occurs, and therefore it must be both the Þrst and the last organ to contain sperm. Our experiments show that the ventral receptacle Þlls Þrst during insemination. Our experimental copulation times are all shorter than the typical sessions in nature. Robacker et al. (1985) reported average copulation durations from 1.1 to 0.7 h in cages. According to Sivinski et al. (2000) , the mean copulation time in A. ludens is 73 Ϯ 6.6 min. These authors point out that copulation times in Anastrepha are far longer than is necessary to transfer the semen, and that duration probably has more to do with monopolizing the female and preventing sperm competition. Taylor et al. (2000) and Perez-Staples and Aluja (2006) also reported that there was no correlation between copulation duration and the amount of semen transferred. The different storage and allocation strategies seen in other Tephritid species are probably explained in response to similar pressures (Perez-Staples et al. 2007 ). To the extent that mated status is important as an indicator of efÞcacy of the mass releaseÐsterile insect program, we recommend the examination should include the ventral receptacle, at least as an adjunct to the standard scoring of the spermathecae. Means followed by the same letter are not signiÞcantly different at P ϭ 0.05. a One of the spermatheca not found at dissection.
